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DETECTION OF STRAIN INDUCED MICROSTRUCTURAL CHANGES IN 
ALUMINUM (6061-T6) USING ULTRASONIC SIGNAL ANALYSIS* 
ABSTRACT 
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Acceptance Technology Division & Materials Science Div. 
Sandia National Laboratories 
Livermore, CA 94550 
A.F. Emery 
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A correlation between the change in ultrasonic wave forms and 
applied strain in aluminum (6061-T6) has been obtained at high strain 
levels. Sophisticated signal processing techniques have indicated a 
complex interaction of the frequency components of a high frequency 
ultrasonic pulse as it passes through an aluminum tensile specimen. 
Strain induced microstructural changes in the aluminum attenuate the 
acoustic energy. One of the attenuation mechanisms is the formation 
of deformation induced cavities at precipitates and inclusions which 
scatter the ultrasonic energy. Measuring the signal attenuation at 
the appropriate frequencies determines the degree of deformation in-
duced damage. 
INTRODUCTION 
The ductile fracture of metals and alloys generally occurs by 
the formation, growth and coalescence of voids or cavities. While 
the mechanism by which voids or cavities grow may vary with test or 
*Work supported by the U.S. Department of Energy under Contract 
DE-AC04-76DP00789. 
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exposure temperature, nucleation invariably occurs as the result of 
plastic deformation. 1- a Further, the most likely sites for cavity 
nucleation are in regions where the deformation is inhomogeneous. 
Thus, in single crystals or within the grains of po1ycrysta1s, the 
nucleation of voids is ~enera11y associated with inclusions or rigid 
second phase particles. -7 
A large body of evidence suggests that it is the nucleation of 
cavities rather than their growth which controls the fracture of 
materials over a wide range of temperatures. 8 ,9 This is especially 
true for materials subject to creep deformation, but may also be 
important at lower temperatures where time dependent plasticity is 
generally not a concern. Thus the presence of voids within a mater-
ial might be a source of ductility loss or mechanical failure in a 
structural component subject to either continuous or cyclic loading 
during its service life. 
For this reason, it is useful to develop a technique which will 
indicate the presence of voids within a fabricated part prior to its 
use. In the past voids have been directly observed via optical or 
scanning electron microscopy using conventional meta110graphic tech-
niques. These, of course, are destructive procedures as they require 
the physical sectioning of the workpiece. Such direct observation is 
generally difficult due to the small size of void nuclei. Alterna-
tively, density change measurements have been used to measure the 
increase in void volume fraction. However, given the high sensftiv-
ities required, these techniques are often unreliable. 
Ultrasonic attenuation measurements provide another opportunity 
to develop a nondestructive technique for measuring the onset of cavi-
tation either during or subsequent to mechanical deformation. Sev-
eral researchers 10-15 have noted a sensitivity of ultrasonic atten-
uation to various material properties and microstructures. Their 
work has related ultrasonic signal loss with such material properties 
as fracture toughness,10 precipitate strengthening,ll grain size,12 
and other microstructural inhomogeneities. 13- 15 This study seeks to 
correlate ultrasonic attenuation with void nucleation and growth in 
an aluminum alloy (6061-T6). A technique has evolved to measure 
energy loss in an ultrasonic pulse as it passes through the tensile 
specimen. This technique partitions the pulses into several fre-
quency intervals and calculates the energy content of each interval. 
This nondestructive technique interrogates the bulk material and 
makes very sensitive measurements of ultrasonic attenuation. 
EXPERIMENTAL PROCEDURE 
The ultrasonic detection of void nucleation in 6061-T6 aluminum 
relied on accurate measurements of signal energy at selected fre-
quency intervals. The protoc~l established to make these measure-
ments is schematically illustrated in Fig. 1 and described in the 
following text. 
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The first block in Fig. 1, data acquisition, involved interro-
gating the aluminum sample with high frequency (25 MHz), broadband 
pulses. An Instron mechanical testing machine was fixtured so that 
the sample and transducer were immersed in water. The rectangular 
cross-sectioned tensile specimen reflected the acoustic energy from 
the front surface as well as the back wall. The front surface reflec-
tion was considered a reference signal, and the subsequent back sur-
face echoes provided the attenuation information. Figure 2 is a 
computer plot of a typical R-F waveform. The first pulse was from 
the water to aluminum interface (front surface reflection), and the 
remaining pulses were from the back surface of the aluminum. A 
block diagram of the data acquisition system is shown in Fig. 3. 
This system consisted of a focused 25 MHz broadband transducer, a 
Panametrics 5052 PRX pu1ser/receiver, a Biomation 8100 analog to 
digital converter, and a PDP 11/34 minicomputer. 
The next phase in this procedure (second block in Fig. 1) was 
to reduce the data. The data reduction was accomplished using a Fast 
Fourier Transform algorithmI6 to calculate the frequency spectra for 
each of the pulses. Then, to minimize transducer dependence and 
acoustic coupling effects, a transfer function was calculated by 
dividing the complex frequency spectrum of each back surface echo by 
the complex spectrum front surface echo. 17 The step is indicated in 
the third block in Fig. 1. 
After reducing the data, features of the ultrasonic wave forms 
pertinent to the detection of void nucleation were selected and ex-
tracted. This process involved considerable data manipulation to 
sort through a large array of features and determine which were use-
ful and which were not. Two categories of features correlated well 
with plastic deformation in the sample. The first category encom-
passed amplitude-time domain features. These are indicated in 
Table 1 as Features 1-6 and were the ratios of the peak to peak am-
plitudes of each back surface reflection to the front surface re-
flection. The second kind of feature was frequency related and was 
extracted from the transfer function domain. These features are 
listed in Table 1 as Features 7-36 and were the areas under the trans-
fer function curve for selected frequency intervals. They are sepa-
rated into groups of six, where each of the six features correspond 
to a different, multiple back surface reflection. An example of a 
typical transfer function and the way features were extracted is 
illustrated in Fig. 4. The area under the curve within the dotted 
lines represents the energy content of the ultrasonic pulse for that 
frequency interval and was monitored to detect signal attenuation. 
The fifth step as shown in Fig. 1 was to note changes in the 
features as the tensile specimen was deformed. As an example, the 
plot shown in Fig. 5 compares the area under the transfer function 
curve in 15-20 MHz range with strain in the aluminum specimen. 
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Fig. 5. Area under transfer function (15-20 MHz) vs. engineering 
strain. Data were acquired as the aluminum tensile sample 
was loaded. 
Table 1. Features Used to Detect Void Nucleation in 
Aluminum (6061-T6) 
Features 
1-6 : Peak to Peak Echo (1-6)/Peak to Peak Reference 
7-12: Area under Transfer Function between 5 and 
10 MHz for Echoes 1-6 
13-18: Area under Transfer Function between 10 and 
15 MHz for Echoes 1-6 
19-24: Area under Transfer Function between 15 and 
20 MHz for Echoes 1-6 
25-30: Area under Transfer Function between 20 and 
25 MHz for Echoes 1-6 
31-36: Area under Transfer Function between 5 and 
25 MHz for Echoes 1-6 
Plotting each of the features listed in Table 1 as a function of 
strain was a method of determining which features were appropriate 
in the detection of void nucleation. Understanding the correlation 
between ultrasonic attenuation and void formation will allow us to 
develop a procedure to detect the onset of void nucleation. This 
goal is shown as the last block in Fig. 1. 
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Two complementary data acquisition procedures were developed. 
First, ultrasonic data were acquired in situ at fixed strain intervals 
during tensile testing. Part-way through the test the specimen was 
removed and the reflecting surfaces were machined flat and parallel. 
The specimen was then remounted in the tensile fixture and the test 
continued. In this way, deformation induced texture and necking in-
duced surface curvature were eliminated as possible sources of atten-
uation. The second procedure was to deform the specimen to a strain 
near fracture and remove it from the mechanical testing machine. The 
reflecting surfaces of the deformed specimen were then milled flat 
and parallel, which again eliminated surface texture and curvature as 
possible sources of attenuation. After machining. the sample was 
placed in a computer controlled X-Y scanner and. the necked region was 
scanned parallel to the tensile axis. This scanning process allowed 
ultrasonic data to be taken at uniform intervals along the gage length 
of the samples. Measuring the reduction of cross sectional area at 
these same intervals on the specimen provided a way to compare ultra-
sonic signal attenuation with the local strain. 
RESULTS AND DISCUSSION 
A relationship between ultrasonic signal attenuation and defor-
mation induced void formation in the test alloy (aluminum 6061-T6) 
has been established. Results from the method where data were ac-
quired during the sample deformation are shown in Fig. 5. This figure 
is a plot of the area under the transfer function curve between 15-
ZO MHz for the second back wall reflection (Feature ZO in Table 1) 
as a function of engineering strain. This curve indicates an abrupt 
decrease in signal strength for this feature at approximately ten 
percent strain. Since cavities within the specimen will act as scat-
tering sites. and since curvature and surface texture were eliminated 
as possible sources of the attenuation, this decrease in signal 
strength may be an indication of void formation in the alloy. The 
results of the second data acquisition method are shown in Fig. 6. 
Figure 6a is a graph of the area under the transfer function in the 
15-10 MHz range for the second back wall reflection (Feature ZO) 
versus reduction in cross sectional area. A top view of the necked 
specimen is illustrated in Fig. 6b and the data points in Fig. 6a can 
be projected onto it. Figure 6a clearly indicates that as the trans-
ducer interrogated the region of highest strain (minimum cross sec-
tional area), the acoustic energy decreased. This confirms the re-
sults from the first data acquisition technique. 
After the ultrasonic data were acquired, the specimens were sec-
tioned and metallographically examined. The microstructure of the 
as-received alloy is shown in Fig. 7. The dark particles are MgZSi 
precipitates, while the lighter. more irregular particles are complex 
a-FeAlSi inclusions. These particles act as the sites for deformation 
induced void nucleation. The microstructure of a deformed specimen 
1376 
,...... 
H N 0.84 ~Sl 
CIl iL67 I=lo 
cdN 
H I 1).50 Hl1"l 
..... 
H'-" 0.34 Q) 
"0 I=l 
I=l 0 
;::l ·M 0.17 
+J 
cd tl 0.00 Q) I=l 
H ;::l 
<:t:~ 
G. H. THOMAS ET AL. 
7 
(a) 
8 11 15 21 24 21 15 11 8 7 
Area under transfer function (15-20 MHz) versus 
reduction in cross sectional area (RA %). 
(b) Top view of neck region of tensile bar (area 
scanned is between dotted lines). 
RA% 
Figure 6. Ultrasonic signal amplitude vs. true strain in an 
aluminum (6061-T6) tensile bar. 
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Figure 7. Microstructure of the as-received aluminum alloy (6061-T6). 
Dark spots are inhomogeneities. (R.D. = rolling direction). 
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-
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I 20 11m 
Figure 8. Microstructure of aluminum alloy after undergoing 16% 
strain. Black areas are where the particles have broken. 
(T.A. = Tensile Axis.) 
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is shown in Fig. 8, revealing the formation of voids which form prin-
cipally as the result of particle fracture. 
As stated earlier, these voids were scattering sites for the 
acoustic beam and their formation caused a decrease in the signal 
strength returning to the transducer. Preliminary metallography 
indicated that these voids appeared after approximately 5-8% strain. 
They were present in large quantities at strains approaching 15-20%. 
Thus the attenuation of the ultrasonic signal appeared to correlate 
with the onset of void formation. Additionally, the reflected acous-
tic energy returning to the transducer from the back wall of the 
specimen seemed to decrease as the void volume fracture increased. 
FUTURE DIRECTIONS 
Several future efforts are appropriate to studying the ultrasonic 
detection of deformation induced void nucleation. First a more exact 
quantification of ultrasonic attenuation measurements with void con-
tent and strain needs to be formulated. This entails accurate deter-
mination of void content and relating the content with an ultrasonic 
attenuation measurement. Secondly, the sensitivity and reliability 
of the ultrasonic measurement can be improved through a better under-
standing of the feature interactions. For example, one high frequency 
feature may be sensitive to the onset of void formation, but a lower 
frequency feature may dominate after substantial void growth. Thus 
a complex interaction of features may require a pattern recognition 
approach to gain the full benefit of this ultrasonic procedure. And 
lastly, other alloys and metals should be studied to determine the 
applicability of this technique to other materials. 
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